Box C/D small nucleolar ribonucleoparticles (snoRNPs) support 2 0 -O-methylation of several target RNAs. They share a common set of four core proteins (SNU13, NOP58, NOP56, and FBL) that are assembled on different guide small nucleolar RNAs. Assembly of these entities involves additional protein factors that are absent in the mature active particle. In this context, the platform protein NUFIP1/Rsa1 establishes direct and simultaneous contacts with core proteins and with the components of the assembly machinery. Here, we solve the nuclear magnetic resonance (NMR) structure of a complex resulting from interaction between protein fragments of human NUFIP1 and its cofactor ZNHIT3, and emphasize their imbrication. Using yeast two-hybrid and complementation assays, protein co-expression, isothermal titration calorimetry, and NMR, we demonstrate that yeast and human complexes involving NUFIP1/ Rsa1p, ZNHIT3/Hit1p, and SNU13/Snu13p share strong structural similarities, suggesting that the initial steps of the box C/D snoRNP assembly process are conserved among species.
INTRODUCTION
Ribonucleoparticles (RNPs) are formed by close association of ribonucleic acids and proteins. These complexes are of particular importance in many crucial cellular processes, e.g., small nuclear RNPs (snRNPs), for pre-messenger RNA splicing and ribosomes for mRNA translation (Chen and Moore, 2014; Jackson et al., 2010) . More specifically, box C/D small nucleolar RNPs (snoRNPs) are involved in post-transcriptional modifications of different RNAs and are responsible for the 2 0 -O-methylation of ribose at specific positions in RNA sequences using S-adenosylmethionine as substrate (Galardi et al., 2002) . When introduced into ribosomal RNAs, these modified nucleotides play crucial roles in ribosome activity and regulation (Tollervey et al., 1991) . Mature eukaryotic box C/D snoRNPs contain four core proteins: the RNA-binding protein SNU13/Snu13p of the L7Ae family, NOP58/Nop58p, NOP56/Nop56p, and the 2 0 -O-methyltransferase FBL (fibrillarin)/Nop1p (mammal/yeast); and one box C/D small nucleolar RNA (snoRNA), which secures the substrate RNA for enzymatic modification. Due to their relatively small size, snoRNPs are models of choice for structure-function studies of RNA/protein complexes. Several authors have proposed that the box C/D snoRNP assembly is hierarchical. First, SNU13/Snu13p initiates the folding of the K-turn motif in the box C/D snoRNA by direct binding (Charron et al., 2004; Marmier-Gourrier et al., 2003; Watkins et al., 2000) . The snoRNA: SNU13/Snu13p complex is required for the subsequent binding of the heterodimer NOP56/Nop56p:NOP58/Nop58p, which helps position the guide snoRNA in an active conformation (McKeegan et al., 2009; Watkins et al., 2002) . Finally, FBL/ Nop1p provides the catalytic center. In the archaeal box C/D small RNPs (sRNPs), a stepwise association has also been shown to occur in vitro with binding of the homodimeric NOP5 protein once the box C/D sRNA:L7Ae complex is formed (Omer et al., 2002) . Recent X-ray and nuclear magnetic resonance (NMR) structures of archaeal active box C/D sRNPs revealed two types of organization: mono-RNP with two copies of the L7Ae:NOP5:NOP1 heterotrimer component associated with one RNA guide, and di-sRNP with four copies of L7Ae: NOP5:NOP1 associated with two RNA guides (Lapinaite et al., 2013; Lin et al., 2011) . To simplify reading, we use hereafter the upper case for the denomination of mammalian proteins and the lower case for yeast proteins.
Contrary to archaeal box C/D sRNPs, eukaryotic box C/D snoRNPs do not self-assemble in vitro into active RNPs. Indeed, specific protein factors are required transiently for the production of mature active RNPs (Bizarro et al., 2014; Boulon et al., 2008; McKeegan et al., 2007; Zhao et al., 2008) . Protein NUFIP1/Rsa1p was identified as a platform that functionally assists snoRNP biogenesis through direct contact or association with other assembly factors (Boulon et al., 2008; Rothe et al., 2014a) . Among these factors, the R2TP complex (formed by proteins Rvb1/Rvb2/Tah1/Pih1 in yeast and by proteins RUVBL1/RUVBL2/RPAP3/PIHI1D1 in mammals) has been identified as being potentially able to recruit the chaperone heat-shock protein 90/82 (HSP90/Hsp82) to the assembly mechanism by means of the TPR-containing protein RPAP3/Tah1 (Zhao et al., 2008) . Whereas the binding of HSP90/Hsp82 to its co-chaperone RPAP3/Tah1p has been well studied (Back et al., 2013; Pal et al., 2014; Quinternet et al., 2015) , the role played by HSP90/Hsp82 in snoRNP assembly remains unclear. However, the Pih1p component of the R2TP complex has been shown to be associated with assembly factor Rsa1p and core protein Nop58p (Boulon et al., 2008; Kakihara et al., 2014) . Pih1p contains a C-terminal CS (Chord-Sgt1) domain that interacts with Tah1p via an intermolecular b sheet and forms secondary contacts with Hsp82 (Back et al., 2013; Quinternet et al., 2015) . The N-terminal part of PIH1D1/Pih1p folds into a phospho-binding domain that, in mammals, has been shown to be involved in direct binding with the casein kinase CK2-phosphorylated form of the co-chaperone Tel2 protein (Horejsi et al., 2014) . As the C-terminal tail of core protein Nop58 contains the consensus motif for CK2 phosphorylation, it has been hypothesized that the association between Nop58p and Pih1p could partly rely on post-translational modifications (Kakihara et al., 2014; Quinternet et al., 2015) . RUVBL1 and RUVBL2, the AAA + ATPases of the R2TP complex, are also affiliated with the box C/D snoRNP assembly process, since they are engaged in a protein-only complex involving NOP58, NUFIP1, ZNHIT6 (alias BCD1), and ZNHIT3 (alias TRIP3) (Bizarro et al., 2014) . This complex is hypothesized to be a prerequisite for the recruitment of snoRNA by SNU13 and NOP58.
Regions 223-260 in NUFIP1 and 233-266 in Rsa1p are highly homologous and correspond to the conserved PEP motif, which directly contacts the helix a3 of the core protein SNU13/Snu13p (Rothe et al., 2014b) . Point mutations of conserved residues in the PEP motif produced similar yeast two-hybrid (Y2H) effects in yeast and human. Studies of interactions in yeast showed that region 238-259 of Rsa1p sufficed for Snu13p binding (Rothe et al., 2014b) , and the X-ray structure of the PEP:Snu13p complex revealed that additional region 260-264 of Rsa1p was also able to initiate contacts with Snu13p (Bizarro et al., 2014) . Comparison with structures of archaeal box C/D RNP led to the proposal that the NUFIP1/Rsa1p:SNU13/Snu13p interaction could prevent the formation of catalytic active box C/D snoRNP (Bizarro et al., 2014) . All 3D and sequence conservation data strongly suggest that the mode of interaction observed in the Snu13p:Rsa1p complex is conserved in the SNU13:NUFIP1 complex.
Human ZNHIT3 and its yeast counterpart Hit1p were recently identified as new NUFIP/Rsa1p cofactors and were shown to contribute to the box C/D snoRNP assembly pathway (Bizarro et al., 2014; Rothe et al., 2014b) . As a signature, at their N-terminal end, ZNHIT3 and Hit1p share a ZN-HIT zinc-finger domain, which consists in a treble-clef fold around two zinc atoms (Bragantini et al., 2016; He et al., 2007) . Assays in human and yeast cells revealed that ZNHIT3/Hit1p was required to maintain steady-state levels of NUFIP1/Rsa1p (Rothe et al., 2014b) . 3D structural studies of Rsa1p and Hit1p demonstrated an original interleaved mode of interaction between two welldefined fragments (Rsa1p ), confirming that Hit1p helps maintain Rsa1p stability (Bizarro et al., 2014; Rothe et al., 2014b) . Remarkably, when co-expressed in Escherichia coli, the yeast proteins Snu13, Rsa1, and Hit1 form a tripartite complex (Rothe et al., 2014b) . In human, SILAC (stable isotope labeling with amino acids in cell culture) proteomics data suggested an initial direct interaction between ZNHIT3 and NUFIP1, but also supported their dissociation at a subsequent step in the box C/D snoRNP assembly process (Bizarro et al., 2014) .
Here, we provide new insights into the structural and biophysical aspects of the interaction between human snoRNP assembly factors NUFIP1 and ZNHIT3, and the core protein SNU13. Using several in vitro and in vivo techniques including protein co-expression, NMR, isothermal titration calorimetry (ITC), and yeast complementation and Y2H assays, we demonstrate that the initial steps of the box C/D snoRNP assembly pathway are structurally conserved among species. These data are discussed with respect to the previous assembly model.
RESULTS
Sequence Analysis of NUFIP1 and ZNHIT3 Does Not Reflect Conservation of Their Structural Organization Previously, we showed that the conserved N-terminal ZN-HIT domain of Hit1p was dispensable for the functionality of the full-length protein, which de facto relies on the ability of its C-terminal Pac-Hit fold (i.e., segment 70-164) to tightly bind a C-terminal a helix in Rsa1p (Rothe et al., 2014b) . In our previous study, a simple sequence comparison of the interacting domains of Rsa1p and Hit1p with the corresponding regions in NUFIP1 and ZNHIT3 pointed to significant changes in the mammalian proteins, since large segments appeared to be inserted all along the NUFIP1 and ZNHIT3 sequences (Rothe et al., 2014b) . However, small interfering RNA assays showed that yeast and human protein undoubtedly share functional homologies (Rothe et al., 2014b) . In the present study, we went further and added secondary structure predictions and/ or known 3D elements to our sequence comparison (Figure 1 ). Remarkably we found that, despite low sequence conservation (as evidenced by the low similarity and identity scores), we were able to clearly discern similar structural organization in mammalian and yeast proteins, with the presence of five a helices (a1 to a5) in the C-terminal part of ZNHIT3 that recall the Pac-Hit fold of Hit1p, and a long C-terminal a helix (a6 0 ) in NUFIP1 that could correspond to the C-terminal a helices (a1 0 and/or a2 0 ) in Rsa1p. Hence, we wondered whether the interleaved association mode observed in Rsa1p:Hit1p was conserved in NUFIP1: ZNHIT3. If this were the case, these sequence-based predictions suggest that the interaction mode of NUFIP1:ZNHIT3 relies on 3D features of the proteins rather than on conserved amino acid positions.
The 3D Structure in Solution of NUFIP1:ZNHIT3 Is Similar to Rsa1p:Hit1p To test the aforestated hypothesis, we designed a series of His-tagged fragments in NUFIP1 and ZNHIT3 with the help of our sequence analysis and performed co-expression assays in E. coli. Complex formation was analyzed by immobilized metal-ion affinity chromatography at low (50 mM NaCl) and high (400 mM NaCl) ionic strength (Figure 2 ). First, we noted an unsuccessful co-retention of the full-length proteins ( Figure 2B , lanes 1-2), which could be related to a potential inner instability in bacteria. However, in addition to revealing probable direct interactions between protein fragments, the co-expression approach made it possible to identify soluble, stable, and delineated domains suitable for structural studies. Thus, the data suggested that the C-terminal part of NUFIP1 (i.e., region 269-495) was involved in the direct binding of ZNHIT3 ( Figure 2C, lanes  11-14) . More precisely, the C-terminal extremity of NUFIP1 appeared to be required, since no co-retention of the two proteins on beads was observed with NUFIP1 fragments with a truncated C-terminal (i.e., fragments 173-286, 173-323, 173-400, and 173-437, Figure 2B , lanes 3-10). In addition, the purification yield of these NUFIP1 fragments that were not able to bind ZNHIT3 was low. Second, we showed that it was possible to restrict (Figure 2C, lanes 15-34) .
To extend our analysis further, we purified the complex NUFIP1 N heteronuclear single-quantum coherence (HSQC) spectrum of the complex is shown in Figure S1 . A classical 3D NMR approach made it possible to assign more than 95% of the structure-informative resonances. These NMR data were derived to obtain the 3D fold of the NUFIP1 462-495 : ZNHIT3 85-155 complex. Statistics of the calculation are presented in Table 1 .
The final ensemble of 20 structures of the complex was well resolved with root-mean-square deviation (RMSD) values of 0.50 ± 0.07 and 1.11 ± 0.12 Å for the backbone and the heavy atoms of the secondary structures, respectively. The core of the complex consisted of five a helices (a1 to a5) derived from ZNHIT3 85-155 that trapped the unique helix a6 0 of NUFIP1 462-295 ( Figures 3A and 3B ). The interface was mainly stabilized by hydrophobic contacts involving valines (87, 147, 469, and 474), leucines (89, 92, 95, 105, and 144), isoleucines (117, 463, 470, 474 , and 478), and methionines (114, 127, and 131) as well as phenylalanines (136 and 482) and one tyrosine 476 (Figures 3C Figure 2 . Co-expression Assays between Human ZNHIT3 and NUFIP1 Proteins and Fragments (A) Diagrammatic representation of the tested protein fragments and summary table of the results (n.d., n.t., and + relate respectively to non-detectable, nontested, and detectable protein co-expression).
(B and C) SDS-polyacrylamide gels (12.5%) stained with Coomassie blue for non-detectable (B) and detectable (C) protein co-expression. S, Sso, LS, and HS refer respectively to the cell sonicates, the supernatants of sonication, and fixations on beads at low (50 mM) and high (400 mM) salt concentrations. The ''his-'' prefix refers to the N-terminal 6xHis tag. Magenta and teal arrowheads show the respective locations of ZNHIT3 and NUFIP1. Molecular weight markers (in kDa) are indicated. and S2). We also observed a salt bridge between conserved R475 in NUFIP1 and D118 in ZNHIT3. ZNHIT3 formed a Pac-Hit fold similar to the one of Hit1p, whereas segment 463-482 of NUFIP1 formed a helix a6 0 comparable with the helix a1 0 of Rsa1p ( Figure 3D ). This 3D similarity was even more remarkable since the structure-based alignment of amino acid sequences clearly highlighted the low sequence conservation between orthologous proteins ZNHIT3 and Hit1 or NUFIP and Rsa1 ( Figures  3E and 3F) . Thus, the general shape and hydrophobic stabilization mode of NUFIP1 462-495 :ZNHIT3 85-155 determined here resemble those of the complex Rsa1p 317-352 :Hit1p 70-164 .
Interestingly, more detailed analysis revealed significant differences between yeast and human complexes, since the RMSD value between Ca atoms of ZNHIT3 and Hit1p 70-164 reached 2.5 Å ( Figures 3D and S2 ). Short a3 and a4 helices, short a3-a4 and a4-a5 loops in ZNHIT3 , and the long disordered C-terminal tail in NUFIP1 462-495 replacing helix a2 0 in Rsa1p 317-352 (which stacks on the backside of Hit1p 70-164 , Figure 3D ) were responsible for (1) the deviation between yeast and human PacHit folds and (2) Figure 3D ).
Analysis of the 1 H-15 N HSQC spectra of fragments 317-352
and 317-375 of Rsa1p in complex with Hit1p 70-164 had previously revealed that region 353-375, corresponding to the last residues of the protein, was also disordered (Rothe et al., 2014b) , meaning that both Rsa1p and NUFIP1 end with flexible parts. Nonetheless, the buried surface area measured between ZNHIT3 and NUFIP1 was smaller than the one observed upon binding of Rsa1p to Hit1p. This difference suggests that the mammalian complex is less stable, which would support the SILAC proteomics data proposing dissociation between ZNHIT3 and NUFIP1 during the assembly of box C/D snoRNP (Bizarro et al., 2014) .
NMR Dynamics Data and Yeast Complementation Assays
To provide new data in support of the dissociation hypothesis of the complex, we recorded T 1 and T 2 15 N relaxation times as well 1 H-15 N heteronuclear nuclear Overhauser effect (NOE) for each amide group in NUFIP1 to assess the local motions of the backbone within the complex (Figure 4) .
We obtained median values of 710 and 67 ms for T 1 and T 2 of the overall complex, respectively. This led to a correlation time of $9.8 ns, which is in agreement with the molecular weight of our construct (12 kDa). When we focused on each partner separately, the median values were very similar to those observed for the entire complex. Not surprisingly, per-residue analysis revealed high T 1 and T 2 values for the unstructured tails of each partner (i.e., segments 84-85 and 149-155 in ZNHIT3 and segment 486-495 in NUFIP1) but also a significant increase in the a3-a4 loop of ZNHIT3. These relaxation data are in agreement with the 1 H-15 N heteronuclear NOE values, which only had high I sat /I ref ratios in the structured part of the proteins.
Interestingly, the a3-a4 loop in Rsa1p 317-352 :Hit1p 70-164 was also previously shown to be flexible (Rothe et al., 2014b) . Figure 3D ), but to some extent shares comparable dynamic properties in the two proteins. Due to its proximity to the NUFIP1/Rsa1p partner, we decided to study the features of this loop in more detail. We benefited from the well-mastered yeast genetics tool to perform complementation assays with a deletion mutant in the yeast complex. Results showed that (E and F) Sequence alignments based on 3D structures generated with the TM-align webserver (Zhang and Skolnick, 2005) . Black and white boxes represent strictly conserved and similar residues, respectively. Different colored lozenges identify amino acids located at the interface between proteins. Secondary structures derived from 3D data are represented above and below the sequences. See also Figures S1 and S2.
removing the a3-a4 loop in Hit1p did not significantly affect the growth of the yeasts, whatever the temperature tested ( Figure 5 ), strongly suggesting the absence of a functional role for this segment in vivo. This fact, added to 3D data and to the lack of clear motions that could trigger the dissociation of the complex, reinforces the hypothesis that ZNHIT3 and NUFIP1 function as a tightly associated entity, as proposed for Hit1p and Rsa1p.
The Binding Mode of SNU13:NUFIP1 Is Similar in Human and Yeast Our data demonstrate that yeast and mammalian assembly factors share structural features, especially the interaction between ZNHIT3/Hit1p and NUFIP1/Rsa1p. Moreover, SNU13 and Snu13p present identity and similarity scores of 71% and 87%, respectively, and the PEP motifs of NUFIP1 and Rsa1p are 57% identical and 86% similar, suggesting that mammalian proteins interact in the way that was revealed by the X-ray 3D structure of the yeast Snu13p:Rsa1p 239-265 complex (Bizarro et al., 2014) . We used ITC and NMR to check for common structural features.
In our previous study, we showed that the dissociation constant (K D ) between Snu13p and Rsa1p 238-259 peptide was 18.0 ± 1.0 mM (Rothe et al., 2014a) . On the basis of the peptide Rsa1p 238-259 and X-ray structure of Snu13p:Rsa1p 239-265 , we designed the synthetic and soluble peptides Rsa1p 238-267 and NUFIP1 to assess their interactions with protein partners.
First, we showed that the affinities measured for SNU13: NUFIP1 232-255 and Snu13p:Rsa1p 238-267 were comparable, with K D values of 8.62 ± 1.63 mM and 1.34 ± 0.35 mM, respectively, meaning the mode of interaction may also be similar ( Figure 6A ). Data were recorded at 298 K and 600 MHz in 10 mM NaPi 10 buffer (pH 6.4), 150 mM NaCl, and 0.5 mM TCEP. (A and B) 15 N longitudinal T 1 (in black) and traverse Increasing the length of the Rsa1p peptide from residue 259 to 267 reduced the K D value by a factor of $10, highlighting the binding efficiency of histidine 264 (Figure 6B) . Second, analysis of chemical-shift perturbations (CSPs) observed in the backbone amide groups of SNU13 upon NUFIP1 232-255 binding revealed that the peptide affected the N-terminal segment and helices a3 and a5 of the protein (Figure 6C) . In yeast Snu13p, these parts have been clearly shown to be involved in Rsa1p binding ( Figure 6B ). Remarkably, we also showed that secondary structures adjacent to helix a5 in SNU13 (i.e., strands b2, b3, and b4 and helix a1), as well as the b4-a5 loop, displayed significant CSP, suggesting that the rigid-body movement of $3 Å of helix a5 observed in the yeast complex also occurs in the human complex (Bizarro et al., 2014) . The entropy-driven ITC profiles obtained for yeast and human complexes also support this common conformational change.
Considering the high 3D similarity between SNU13 and Snu13p (Ca RMSD $0.5 Å ), K D values, and mutation data previously reported on their conserved residues (Rothe et al., 2014a) , we can conclude that the structural features of the SNU13/ Snu13p:NUFIP1/Rsa1p interaction are conserved between mammal and yeast.
An Elongated SNU13:NUFIP1:ZNHIT3 Complex Exists in Human
As mentioned above, yeast Rsa1p can simultaneously bind Snu13p and Hit1p via its 238-259 and 317-352 regions, respectively (Rothe et al., 2014b) . As the binding sites for proteins SNU13 and ZNHIT3 are conserved in NUFIP1, we checked whether this tripartite complex could also be formed by the mammalian proteins, which would further confirm the conservation of the functional acting mode of these snoRNP assembly factors.
Co-expression assays in E. coli showed that the complex SNU13:NUFIP1 232-495 :6xHis-ZNHIT3 1-155 was successfully retained on TALON beads and eluted with imidazole ( Figure 7A ). However, NUFIP1 232-495 appeared to be proteolyzed, leading to at least two fragments, since proteomics data revealed the presence of the protein in a low molecular weight band.
Likewise, the gel-filtration profile resulting from the elution sample displayed multiple peaks ( Figure S3 ). Unfortunately, purification tests with different locations of the 6xHis tag on the fulllength or the 85-155 fragment of ZNHIT3 resulted in samples of such low quality (data not shown) they could not be used for 3D structure analysis. Nonetheless, our present 3D data combined with structure-based sequence analysis indicated that regions 261-461 in NUFIP1 and 260-316 in Rsa1p serve to connect the two binding sites for SNU13/Snu13p and ZNHIT3/Hit1p. In NUFIP1, this 200-residue-long region was predicted to be poorly structured ( Figure 1 ) and could be a site for protease degradations in E. coli. Interestingly, in this case this region could act as a linker between the two well-determined binding sites in NUFIP1, and was thus of particular interest for the functionality of the tripartite complex in investigating the existence of direct contacts between SNU13 and ZNHIT3.
We used NMR spectroscopy to test this hypothesis and showed that the 1 H-15 N HSQC spectrum of NUFIP1 462-495 :
ZNHIT3 85-155 did not change significantly upon addition of free or NUFIP1-bound SNU13 ( Figure 7B ). These data strongly suggest that ZNHIT3 and SNU13 do not form a direct strong interaction within the tripartite complex. This proposal is in good agreement with the results of previous Y2H assays showing that the two mammalian proteins ZNHIT3 and SNU13 could not associate when expressed in yeast, even in the presence of the endogenous and NUFIP1 ortholog Rsa1p (Bizarro et al., 2014) . In the same way, Y2H experiments showed that yeast Snu13p and Hit1p were not able to associate in a DRSA1 strain lacking Rsa1p expression, highlighting the bridging effect of the endogenous Rsa1p in wild-type (WT) yeast ( Figure 7C ). This observation was again confirmed here by the absence of direct binding of Snu13p to the complex Rsa1p 317-375 :Hit1p 70-164 as tested by NMR ( Figure 7D ). We thus conclude that SNU13/Snu13p and ZNHIT3/Hit1p are independent modules bound to the NUFIP1/Rsa1 platform protein. We assume that the two modules are separated by a flexible linker that is longer and more easily cleavable in the human counterpart ( Figure 7E ).
Inter-Species Experiments between Box C/D snoRNP Assembly Factors Highlight a Conserved Mechanism of Interaction
To confirm the hypothesis of the structural and functional conservation of box C/D snoRNP assembly factors, we used ITC, NMR, Y2H, and co-expression in E. coli to check whether inter-species interactions between mammals and yeast are possible.
The perturbations observed in the 1 H-15 N HSQC spectra proved that SNU13 can efficiently bind Rsa1p and that Snu13p can also bind NUFIP1 232-255 in addition to the expected intra-species binding ( Figure 8A ). However, the slow NMR exchange regime observed between peptides and proteins prevented us from deriving the K D values of each interaction from CSPs. ITC performed by mixing yeast and human partners further revealed that measured affinities lie in the micromolar range, even if, for a given peptide, a $4-fold decrease in the affinity values was observed in the inter-species titrations. Indeed, we obtained K D values of 41.84 ± 10.55 mM for Snu13p: NUFIP1 232-255 and 4.33 ± 0.33 mM for SNU13:Rsa1p 238-267 (Figure 8B) , which may be due to slight divergences in the amino acid sequences. Taken together, the data mainly suggest that the functional mode of interaction in NUFIP/Rsa1p:SNU13/Snu13p is conserved among species.
Concerning NUFIP1/Rsa1p and ZNHIT3/Hit1p, we chose to perform Y2H and co-expression assays to investigate potential inter-species interactions. Indeed, the common and interleaved mode of interaction identified in the human and yeast complexes made it difficult to obtain highly soluble free ZNHIT3 or Hit1 proteins (which is a pre-requisite for ITC or NMR experiments). Our Y2H assay showed that Hit1p was unable to associate with NUFIP1 in a WT strain ( Figure 8C ). Since no association was observed in a DRSA1 strain either, we discarded the possibility of sequestration of a large proportion of Hit1p by endogenous Rsa1p during Y2H assays in the WT strain (which could explain the absence of association). In addition, control assays with full-length Rsa1p or its fragment 230-381 confirmed the efficient expression of Hit1p. Thus, even with known soluble fragments, no Hit1p:NUFIP1 complexes were detected in co-expression assays ( Figure 8D ). Indeed, in inter-species assays the expected proteins did not appear to be co-eluted from the beads, which were significantly more crowded than in the intra-species control experiment. In the absence of partners, the fragments of Hit1p and NUFIP1 tested may be unstable or insoluble, as previously observed in the case of interface mutants of yeast Hit1p and Rsa1p 317-352 (Rothe et al., 2014b) . These observations are nonetheless surprising at first sight, since helix a6 0 /a1 0 of NUFIP1 462-495 /Rsa1p 317-352 , which is tightly clamped by the ZNHIT3/Hit1p partner, superimposed well in the 3D structure. However, amino acid sequences of these helices diverged significantly. One can thus assume that the amino acid complementarity between ZNHIT3/Hit1p and NUFIP1/Rsa1p is essential for efficient recognition. Indeed, whereas 3D structures of ZNHIT3 and Hit1p were again comparable here, we showed significant divergences in their Pac-Hit folds and sequences, especially at the interface with their partners. In terms of steric hindrance or side-chain functionalization, we can point to significant substitutions in ZNHIT3/Hit1p such as G96/Y84, D118/ Y106, or C143/L155, and in NUFIP1/Rsa1p such as R467/ N322, V469/Q324, Q472/D327, C473/F328, Y476/E331, or I478/G333 (Figures 3E and 3F) . One obvious explanation is that the jaw of ZNHIT3/Hit1p is not able to accommodate helix a6 0 / a1 0 of NUFIP1/Rsa1p despite the common mode of interaction in yeast or human complexes. Moreover, NUFIP1 462-495 is not able to form a second helix that could stack on the backside of Hit1p and maintain the protein complex. structurally close to the one obtained with fragments Hit1p and Rsa1p 317-352 , despite low sequence conservation. First, this raises an exciting hypothesis that several steps of the assembly mechanism of box C/D snoRNPs are the same in yeast and human. Second, this similarity in mechanisms could partially rely on the structural features of some of its factors rather than on conserved point positions. Indeed, while the interaction between SNU13/Snu13p and the PEP motif of NUFIP1/Rsa1p appears to be mainly due to conserved residues to the point that interspecies interactions are possible, we previously showed that yeast Hit1p is not able to associate with or directly bind human NUFIP1. However, Hit1p plays the same role with respect to Rsa1p as ZNHIT3 to NUFIP1 (Rothe et al., 2014b ). Here we show that a similar stabilizing role is likely due to common structural features with the jaw of ZNHIT3/Hit1p, which clamps the keystone helix a6 0 /a1 0 of NUFIP1/Rsa1p in a species-dependent manner. Unsuccessful inter-species protein co-expression assays highlighted mutual protection between the two partners, which need to interact to be stable. Our data led us to establish similar models of the tripartite complex SNU13/Snu13p:NUFIP1/ Rsa1p:ZNHIT3/Hit1p. Altogether, these data reinforce the hypothesis that, as postulated for the assembly scheme of human box C/D snoRNP and on the basis of yeast and archaeal structural data (Bizarro et al., 2014) , NUFIP1 could inhibit catalytic activity of pre-snoRNP, and hence improper function of nonmature particles, by direct interaction with SNU13.
NUFIP1:ZNHIT3 Displays the Structural Features of a Unique Protein Chain
An exhaustive search in the PDB using the DALI server (Holm and Rosenstrom, 2010) and the NMR structure of NUFIP1 462-495 : ZNHIT3 85-155 as input retrieved the 3D structure of Rsa1p 317-352 : Hit1p 70-164 as the best structural homolog. However, we noted that the top 30 matches displayed in the DALI results table possess average Z score and RMSD values of 3.9 and 3.9 Å , respectively, meaning that no real close homolog was identified, thereby emphasizing the unique feature of the interaction between ZNHIT3/Hit1p and NUFIP1/Rsa1p. As our group had already published data on the R2TP complex and its close correlations with the chaperone HSP90 (Back et al., 2013; Quinternet et al., 2015) , we naturally focused on one particular hit extracted from the DALI results, the DP2 domain of the yeast protein Sti1 (Z score = 4.9 and RMSD = 3.9 Å ). Indeed, HOP/ Sti1p is a co-chaperone of HSPs that coordinates the functions of HSP70 and HSP90. It contains TPR domains responsible for the anchoring of the C-terminal tail of HSP chaperones as well as two DP domains (aspartate-and proline-rich domain) whose functions are not known, but which play a role in the hormoneinduced GR activity in DSTI1 cells (Schmid et al., 2012) . The DP1 and DP2 domains of Sti1p have a similar general 3D shape, but the RMSD between the two structures still reaches 3.4 Å . The most striking feature of Sti1p-DP1 compared with Sti1p-DP2 structures is the presence of an additional small helix a1 locked inside a groove, this groove being common to the two domains (Figure 9 ). Even though the DALI server did not identify the Sti1p-DP1 domain, we noted remarkable similarities with our (D) Co-expression assays between fragments of Rsa1p, NUFIP1, ZNHIT3, and Hit1p in medium-salt buffer (300 mM). S, Sso, and B refer respectively to the cell sonicates, the supernatants of sonication, and fixation on the beads. The locations of ZNHIT3 and NUFIP1 are indicated by respectively magenta and teal arrowheads on 12.5% SDS-polyacrylamide gels stained with Coomassie blue. Molecular weight markers (in kDa) are indicated.
NMR structures (Figure 9 ). This means that the intra-species complexes formed between the two partners ZNHIT3/Hit1p and NUFIP1/Rsa1p reproduce what can be observed with a unique protein chain such as Sti1p-DP1. This observation, to which we can add backbone dynamics analysis, supports the hypothesis that NUFIP1:ZNHIT3 or Rsa1p:Hit1p behave as a single domain, calling the early departure of one partner into question.
The Release of ZNHIT3 in the Box C/D snoRNP Assembly Mechanism At the end of the box C/D snoRNP assembly process, only core proteins remain tightly ordered around a guide and target RNAs. All of the assembly factors are absent in the final active particle. SILAC data and U3 snoRNA immunoprecipitation assays suggest an assembly mechanism in human that involves the release of ZNHIT3 to the immature particle, prior to and independently of the release of NUFIP1 (Bizarro et al., 2014) . ZNHIT3 would thus act as a lock that would be unlocked with the arrival of the proper snoRNA and the simultaneous binding of NOP58 to the C/D motif. In yeast, there was no clear evidence of similar functional features for Hit1p and Rsa1p, which we considered too interleaved to be separated. Nevertheless, our current data demonstrate striking similarities in the mode of interaction in human and yeast assembly factors, suggesting that the first steps of the box C/D snoRNP biogenesis are conserved among species. This is particularly the case for SNU13/Snu13p and NUFIP1/Rsa1p, since direct interactions between species are clearly possible in vitro. For ZNHIT3/ Hit1p and NUFIP1/Rsa1p, the 3D structures of yeast and human complexes are similar, and analysis of their dynamics did not reveal any inner propensity for self-dissociation. To assume that ZNHIT3/Hit1p and NUFIP1/Rsa1p are dissociated, one would have to imagine a powerful triggering factor able to disrupt an intricate protein complex essentially stabilized by hydrophobic contacts. The factor concerned would have to be able to maintain the stability of ZNHIT3/Hit1p by masking the internal face of its jaw, either by replacing the helix a6 0 /a1 0 of NUFIP1/Rsa1p or by inducing favorable conformational changes that would put the protein in a ''closed'' or ''solvent-protected'' conformation. Proteins with catalytic activities of folding are good candidates for such a role. Some have already been described in snoRNP biogenesis, including AAA + ATPases RUVBL1/RUVBL2 or proteins of the HSP family. Another possible hypothesis is the departure of the entire NUFIP1:ZNHIT3 complex and the arrival of a ''non-ZNHIT3-stabilized'' NUFIP1 protein concomitant with the binding of the snoRNA.
EXPERIMENTAL PROCEDURES
Amino Acid Sequence Analysis Amino acid sequences of Hit1p, Rsa1p, ZNHIT3, and NUFIP1 were retrieved from the NCBI databank. The alignments were performed using Clustal Omega (Sievers et al., 2011) and formatted with Espript 3.0 (Robert and Gouet, 2014) . Secondary structure predictions were made with the PSIPRED v3.3 webserver (Buchan et al., 2010) .
Screening of Protein-Protein Complexes Using Co-expression Assays in E. coli Fragments of ZNHIT3, HIT1, NUFIP1, and RSA1 were cloned into pnEA-3CH and pnCS plasmids for 6xHis-tagged and untagged constructs, respectively. Proteins were co-expressed in BL21(DE3) pRARE2 E. coli cells and purified using different lysis buffers (20 mM Tris [pH 8.5] and 50, 300, or 400 mM NaCl) to assess the saline dependence of the interaction. Proteins were purified using an automated protocol implemented on a TECAN Freedom Evo 200 robot. On brief, Dynabeads His-Tag (Themo Fisher Scientific) were used. Three washing cycles with lysis buffer were performed. Proteins retained on the beads were eluted using 23 SDS loading buffer. was obtained in 10 mM NaPi buffer (pH 6.4), 150 mM NaCl, and 0.5 mM tris(2-carboxyethyl)phosphine (TCEP). Classical 2D and 3D NMR spectra were collected at 298 K on a 600 MHz spectrometer equipped with a TCI cryoprobe. The spectra made it possible to access the assignment of the majority was calculated using NOE spectroscopy-HSQC spectra (mixing time 100 ms), TALOS-N (Shen and Bax, 2013), CYANA 3.0 (Lopez-Mendez and Guntert, 2006) , and RECOORD scripts (Nederveen et al., 2005) as described in Rothe et al. (2014b) . The 20 structures with the lowest overall energies were selected as the most representative, and drawn and analyzed with PyMOL (DeLano, 2010 Data were recorded at 288 K and 600 MHz in 10 mM NaPi buffer (pH 6.4), 150 mM NaCl, and 0.5 mM TCEP.
NMR

Yeast Complementation Assays
Saccharomyces cerevisiae strain SC4146 (RSA1-TAP) was used to isolate a knocked-out derivative strain with deletion of the Hit1p-encoding gene (DHIT1). This SC4146::DHIT1 strain was transformed with recombinant pACTII vectors expressing WT Hit1p or a deletion mutant DT112G-N122G, which was obtained after introducing substitutions T112G and N122G prior to deleting segment 113-121. Growth tests were performed on yeast-peptone-dextrose medium at 20 C, 30 C, and 37 C starting from cells in exponential phase (A 600 $0.8). The first drop was adjusted to a cell concentration of A 600 = 0.5 per mL in sterile water, then successive dilutions with a factor of 1/3 were prepared and spotted on solid-selective (Leu -) media. Strain SC4146 was used as control. Expression of proteins was checked by western blot analysis using commercial anti-HA for Hit1p expressed from pACTII vectors, and peroxidase anti-peroxidase antibodies for TAP-tagged Rsa1p, respectively. Anti-AspRS antibodies were used for the detection of internal control.
Yeast Two-Hybrid Assays Plasmids pGBKT7, expressing the bait protein fused to the DNA binding domain of Gal4 (BD) and pACTII, expressing the prey protein fused to the transcription activation domain of Gal4 (AD), were used to transform haploid yeast cells Y187 (WT or DRSA1) and Y190 (WT or DRSA1), respectively. The transformed cells were selected on single selective media, Leu -for pACTII and Trp -for pGBKT7. After mating, the diploid cells containing both plasmids were selected on selective medium Leu 1,2,4-triazol (3-AT) (Sigma) at 10 mM was used to evaluate the strength of the interaction. Growth was assessed after 3 days of incubation at 30 C.
Isothermal Titration Calorimetry
Binding of synthetic peptides Rsa1p 238-267 or NUFIP1 232-255 (GeneCust) to purified recombinant Snu13p or SNU13 was measured at 288 K with an ITC200 microcalorimeter (Malvern). Buffer conditions were 10 mM NaPi buffer (pH 6.4), 150 mM NaCl, and 0.5 mM TCEP. Peptides and proteins were dispatched into the syringe and cell, respectively. Specific heat resulting from the dilution of the peptide into the protein buffer was taken into account. Calorimetric data were treated with ORIGIN7 to derive the stoichiometry (N), the dissociation constant (K D ), and the variations in enthalpy (DH), entropy (DS), and free energy (DG).
ACCESSION NUMBERS
Chemical shifts, NMR restraints, and 3D coordinates of the NUFIP1 462-495 : ZNHIT3 85-155 complex have been deposited in the PDB with accession code PDB: 5L85. 
